Abstract. The antioxidant 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) is implicated in migration and invasion of metastatic tumors. However, the molecular mechanism underlying the effect of Trolox on metastatic cancer cells is not known. We found that a non-cytotoxic dose of Trolox decreased phorbol 12-myristate 13-acetate (PMA)-induced invasion and migration of both A549 and HeLa cancer cells. We also found that Trolox suppressed both the expression and the proteolytic activity of matrix metalloproteinase-9 (MMP-9), and that the promoter activity of PMA-induced MMP-9 was inhibited by Trolox. Our results show that Trolox inhibits the transcriptional activity of MMP-9 by suppression of NF-κB transactivation. These results indicate that Trolox inhibits NF-κB-mediated MMP-9 expression, leading to the suppression of migration and invasion in lung and cervical cancer cells. Trolox is a potential agent for clinical use in preventing the invasion and metastasis of human malignant lung and cervical cancers.
Introduction
Malignant tumor cells invade neighboring normal tissues. Invasion of normal tissues permits cancer cells to enter into the blood or lymph circulation from their site of origin and to establish secondary tumors (1) . Cancer invasion involves tissue remodeling that includes proteolytic degradation of the extracellular matrix (ECM) and of the basement membrane of normal surrounding tissues (2) . During this process, a variety of matrix metalloproteinases (MMPs) are involved in the proteolytic degradation of the ECM. There are at least 20 known human MMPs, with new members being discovered as research progresses (3) . Different MMPs act on a wide spectrum of substrates, including collagen types I, II, III and IV, and stromyelin (4) . Type IV collagen is a major structural protein of both the ECM and basement membranes. Among MMPs, MMP-2 (gelatinase-A) and MMP-9 (gelatinase-B) play crucial roles in the degradation of type IV collagen and gelatin, which are both main components of the ECM. In addition, both are highly expressed in various cancers and are closely related to invasion, metastasis, and the epithelial-mesenchymal transition in cancer cells (5, 6) . MMP-2 is essentially expressed in metastatic cancers, while MMP-9 is regulated by diverse growth factors, cytokines and xenobiotics, such as phorbol 12-myristate 13-acetate (PMA) (7) . Induction of MMP-9 is notably important in the invasive ability of human cancers, including lung and cervical cancers (8, 9) and suppression of MMP-9 inhibits invasion of lung and cervical cancer cells (10) .
Oxidative stress is also associated with the invasive potential of cells and regulates MMPs in malignant tumors (11) . Reactive oxygen species (ROS) are implicated in tumor metastasis via either an NADPH oxidase (Nox)-dependent or independent pathway (12) . Nox generates ROS and mediates cytoskeleton rearrangement by induction of the transforming growth factor-β (12) . In Nox-independent ROS generation, ROS regulates gene expression of MMPs and the invasive ability of cancer cells (12) . Thus, chemical or enzymological antioxidants have been studied extensively in relation to the correlation between oxidative stress and the invasive potential of cancer cells (12, 13) . It has been demonstrated that antioxidants suppress MMP-9 expression together with an inhibition of the invasive ability of human lung and cervical cancer cells (14, 15) .
Vitamin E is an important natural antioxidant and is considered to be a universal participant in antioxidant defense reactions. However, vitamin E is an extremely hydrophobic antioxidant in a buffered solution, and its antioxidant activity is not always consistent in experimental models (16) . The antioxidant 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) is a water-soluble derivative of vitamin E that can be studied in an intact system (17, 18) . Trolox research has been focused on its biochemical and biological applications to reduce oxidative stress or damage (17, 18) . In addition, the correlation between the antioxidant effect of Trolox and MMP expression in inflammatory diseases and cancers has been studied (19, 20) . Regulation of MMPs is involved in metastasis of human lung and cervical cancers (4, 21) . Although various antioxidants have been studied to determine their effects on MMP expression in these cancers (15, 22) , the effect of Trolox still needs to be determined. In this study, we demonstrate the effect of Trolox on PMA-induced invasion and migration of human lung and cervical cancer cells. Trolox regulates the NF-κB activity that induces MMP-9 expression in human lung and cervical cancer cells.
Materials and methods
Materials. PMA, Trolox, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and chemicals used in a colony formation assay, including crystal violet were acquired from Sigma (St. Louis, MO). TRIzol, 5-(and-6)-chloromethyl-2' ,7'-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA) and the Lipofectamine 2000 reagent were obtained from Invitrogen (Carlsbad, CA).
Cell culture. Human lung (A549) and cervical cancer (HeLa) cells were obtained from the American Type Culture Collection (ATCC). Cells were maintained in either RPMI-1640 or Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 µg/ml).
Cell viability and colony forming assay. Cell viabilities were measured by an MTT assay. In brief, cells were plated in a 96-well plate at a density of 1x10 4 cells/well. After serum starvation for 24 h, cells were stimulated with 100 nM PMA, and allowed to grow for 24 h. Twenty microliters of 5 mg/ml MTT solution in PBS and 100 µl of DMSO was added to each well to dissolve the formazan crystals. Absorbance was measured at 540 nm using a plate reader (Bio-Rad Laboratories, Ltd.). For the colony forming assay, cells were plated on a 12-well plate at a density of 1x10 4 cells/well. After serum starvation for 24 h, cells were stimulated with 100 nM PMA, and allowed to grow for 10 days. Cells were then stained with crystal violet solution and colonies were imaged and quantified.
Measurement of ROS generation. Detailed methods for the measurement of ROS generation have been previously described (23) . Briefly, 5 µM CM-H 2 DCFDA (DCF) was loaded and incubated for 15 min in a tissue culture incubator. Prior to observing the ROS generation, cells were washed twice with pre-warmed PBS. Fluorescence images were taken by a Zeiss inverted fluorescence microscope under same exposure conditions using the AxioCam software. To quantify ROS generation, a fluorescence 96-well plate reader (Zenyth Microplate Multimode Detector, Austria) was used.
Wound healing assay. Cells were maintained up to 90-100% confluence before scratched by a P-10 pipette tip. Pictures were taken at 0 and 24 h after scratch by a Zeiss inverted microscope using the AxioCam software and the wound-healing gap distance was measured.
In vitro invasion assay. Matrigel (Sigma) was coated in polycarbonate nucleopore filters (8-µm pore size) and filter cassettes were inserted in 24-well transwell chambers.
Equal numbers of cells were loaded onto matrigel-coated filter cassettes with serum-free complement medium. PMA and Trolox were applied to the outside of filter cassettes of 24-well transwell chambers as indicated. After 24 h incubation, migrated cells were stained using hematoxylin and eosin. Pictures were obtained by a Zeiss inverted microscope using the AxioCam software and migrated cells were quantified.
Luciferase reporter assay. Luciferase assays were performed using the Luciferase Assay system (Promega Corporation, Madison, WI). Transfected cells were washed twice with icecold PBS and lysed in the culture dishes with reporter lysis buffer. Luciferase activities were recorded in a Luminometer 20/20n (Turner Biosystems, Sunnyvale, CA) according to the manufacturer's instructions. Luciferase activity was normalized with β-galactosidase activity. For β-galactosidase assay, pSV-β-galactosidase was co-transfected with the luciferase reporter gene. Cell extracts were assayed for β-galactosidase activity using the β-galactosidase enzyme assay system (Promega) and analyzed by a DU530 spectrophotometer (Beckman Instruments, Fullerton, CA). The ratio of luciferase to β-galactosidase activity was determined in triplicate samples. All data are presented as the mean ± SEM of at least three independent experiments.
Reverse transcriptase-polymerase chain reaction (RT-PCR).
RNA was isolated from cells using TRIzol according to the manufacturer's instruction. cDNA was reverse-transcribed from 1 µg total-RNA using the Superscript First Strand cDNA Synthesis kit (Bioneer, Daejeon, Republic of Korea). Primer sequences were as follows: 5'-TCCCTGGAGACCTGAGAA CC-3' (forward) and 5'-CGGCAAGTCTTCCGAGTAGTT-3' (reverse) for MMP-9; 5'-TGAGCTCCCGGAAAAGATTG-3' (forward) and 5'-TCAGCAGCCTAGCCAGTCG-3' (reverse) for MMP-2; 5'-CCATCACCATCTTCCAGGAG-3' (forward) and 5'-CCTGCTTCACCACGTTCTTG-3' (reverse) for GAPDH. GAPDH was used as an internal control. Gel pictures were obtained by a MultiImage™ Light Cabinet (version 5.5, Alpha Innotech Corp., San Leandro, CA).
Gelatin zymography. MMP-9 and -2 activities were analyzed by gelatin zymography. Briefly, cells were incubated in serum-free DMEM and the supernatants were collected after incubation for 24 h, clarified by centrifugation, normalized to cell number, mixed with non-reducing sample buffer, and separated by electrophoresis on a 10% SDS-PAGE containing 1 mg/ml gelatin. After electrophoresis, gels were renatured by washing in 2.5% Triton X-100 solution twice for 30 min to remove all SDS. The gels were then incubated in 50 mmol/l Tris-HCl (pH 7.4), 5 mmol/l CaCl 2 , and 1 µM ZnCl 2 at 37˚C overnight. The gels were stained with 0.05% Coomassie brilliant blue R-250 and destained in destaining solution (20% methanol and 10% glacial acetic acid).
Statistical analysis. Data are expressed as the mean ± SEM. Analyses were performed using the Student's t-test.
Results

Effect of Trolox on cancer cell viability.
Since the effect of Trolox on cancer cell viability has not been reported, we first investigated the cytotoxic effect of Trolox on human lung and cervical cancer cells. A549 and HeLa cells were treated with 100 nM PMA and various concentrations of Trolox for 24 h, and the cell viability was determined using the MTT assay. A low-dose of Trolox did not affect the cell viability in either cell types (Fig. 1A) . However, Trolox slightly decreased the cell viability at a concentration of 100 µM by 19 and 11% in A549 and HeLa cells, respectively (Fig. 1A) . To further examine the effect of Trolox on the colony formation ability of cancer cells, we performed a colony formation assay. Cells treated with Trolox at a low-dose did not exhibit any affect on their colony formation ability (Fig. 1B and C) . However, treatment with 100 µM Trolox decreased PMA-induced colony formation by 21 and 12% in A549 and HeLa cells, respectively (Fig. 1B and C) . These results indicate that, at a low-dose (30 µM or less), Trolox has no cytotoxic effect on lung and cervical cancer cells.
Trolox inhibits PMA-induced ROS generation in lung and cervical cancer cells.
Since Trolox is known as an antioxidant (17,18), we examined the antioxidant effect of Trolox in the presence of PMA, which is known to increase ROS generation (24) . To determine ROS generation, DCF staining was performed. PMA increased ROS generation by ~5-fold in both cancer cell lines (Fig. 2A) . A treatment of 30 µM Trolox decreased ROS generation by 39 and 48% in A549 and HeLa cells, respectively ( Fig. 2A) . We confirmed the antioxidant effect of Trolox at a non-cytotoxic dose using fluorescence microscopic analysis. Trolox at a concentration of 30 µM decreased PMA-induced ROS generation in both cancer cells (Fig. 2B) . These results indicate that a non-cytotoxic dose of Trolox is an effective inhibitor of PMA-induced ROS generation in lung and cervical cancer cells.
Trolox suppresses PMA-induced cell migration and invasion in lung and cervical cancer cells. It has been reported that antioxidants suppress the migration and invasion of cancer cells (14, 15) . There is evidence that PMA increases migration of cancer cells (25) . Therefore, we examined whether Trolox inhibits PMA-induced migration and invasion of lung and cervical cancer cells. We performed a wound healing assay in order to examine the effect of Trolox on PMA-induced migration of A549 and HeLa cells. Cells treated with PMA caused a 9.3-and 3.9-fold increase in migration of A549 and HeLa cells, respectively (Fig. 3A and B) . However, treatment with 30 µM Trolox decreased PMA-induced migration by ~60% in both cancer cell lines (Fig. 3A and B) . We next examined whether Trolox inhibits PMA-induced invasion in lung and cervical cancer cells. A549 and HeLa cells were loaded into matrigel-coated transwells and cell invasion was examined. PMA significantly increased the invasive ability of A549 (45.4-fold) and HeLa (5.2-fold) cells (Fig. 3C and D) . Trolox inhibited PMA-induced invasion at a non-cytotoxic dose by 65.1 and 68.2% in A549 and HeLa cells, respectively (Fig. 3C and D). These results indicate that Trolox effectively inhibits migration and invasion of lung and cervical cancer cells.
Trolox decreases PMA-induced expression and the proteolytic activity of MMP-9. MMP-2 is highly expressed in metastatic cancers (7) . MMP-9 is also up-regulated in metastatic cancer cells and is implicated in a wide range of pathologic conditions, including inflammation and tissue repair (5) . Therefore, we examined the effect of Trolox on the expression of both MMP-2 and -9 in PMA-treated cancer cells. PMA induced MMP-9 mRNA expression in both A549 and HeLa cells, whereas treatment with Trolox suppressed PMA-induced MMP-9 gene expression in a dose-dependent manner (Fig. 4A) . However, the mRNA expression of MMP-2 was not affected by either PMA or Trolox treatment (Fig. 4A) . We next examined the proteolytic activities of MMP-2 and -9 using zymography. Trolox decreased the proteolytic activity of PMA-induced MMP-9 in a dosedependent manner (Fig. 4B) . The proteolytic activity of MMP-2 was not affected by either PMA or Trolox treatment (Fig. 4B) . Since Trolox inhibits PMA-induced MMP-9 expression at the transcriptional level, we examined the effect of Trolox on the transcriptional activity of MMP-9 using a luciferase reporter assay. PMA increased the MMP-9 promoter activity by 5.6-and 4.3-fold in A549 and HeLa cells, respectively (Fig. 4C) . However, treatment with Trolox decreased the promoter activity of MMP-9 in a dose-dependent manner in both cancer cells (Fig. 4C) . These results indicate that Trolox inhibits the PMA-induced transcriptional activity of MMP-9 in lung and cervical cancer cells.
Trolox inhibits the PMA-induced transcriptional activation of NF-κB.
Since oxidative stress regulates NF-κB and AP-1, which are both important modulators of MMP-9 transcription in response to PMA (12,26), we examined whether Trolox affects the transcriptional activation of NF-κB and AP-1. Cells were co-transfected with NF-κB-luc or AP-1-luc constructs and pSV-β-galatosidase for 24 h, and the luciferase activity was determined. Results showed that PMA increased both NF-κB and AP-1 transactivation, whereas treatment with Trolox decreased only the NF-κB activity, in a dose-dependent manner in both A549 and HeLa cells (Fig. 5A and B) . These results indicate that Trolox probably inhibits PMA-induced MMP-9 expression via NF-κB-mediated MMP-9 transcription.
Discussion
Metastasis is involved in most cancer-related deaths, due to the difficulty of controlling tumor growth and spread (27) . Therefore, investigation of the role of MMPs in tumor invasion and metastasis would be valuable for developing therapies for prevention of tumor cell spread. Although the pattern of MMP expression varies within tumors, many studies have focused on determining potential inhibitors of MMPs. Among the MMP family, MMP-2 and -9 have been studied extensively for their potential use in the diagnosis and prognosis of metastatic cancers (27) . Human lung and cervical cancers are known to be metastatic and previous studies have demonstrated the importance of MMP-9 in these cancers. Suppression of MMP-9 decreases the invasion and migration of human lung and cervical cancer cells (8) (9) (10) . Therefore, the examination of a potential inhibitor of MMP-9 is a worthy endeavor to contribute to the treatment of these cancers. Many synthetic inhibitors of MMPs, including MMP-9, have been evaluated in clinical trials (28) , however, inhibitors produced by natural means may be more reliable than synthetic chemicals that may induce unknown effects in the human body. Thus, we focused on vitamin E, which is an antioxidant known to prevent metastasis and DNA damage in cancer cells (29) . Instead of using vitamin E directly, we used Trolox, which is a water soluble derivative of vitamin E, because of the hydrophobicity of vitamin E (16) . In this study, we used PMA to increase expression of both MMP-2 and -9, as described in a previous study (27) . PMA is also implicated in the generation of ROS (24) . ROS regulates invasion and migration of cancer cells by regulating MMP expression through activation of NF-κB and AP-1 (11, 12) . In our model system, Trolox decreased PMA-induced ROS generation in both human lung and cancer cell lines. However, in PMA-untreated cancer cells, we did not observe the antioxidant effect of Trolox due to the low level of ROS generation.
We found that Trolox effectively decreases PMA-induced migration and invasion in human lung and cervical cancer cells. PMA increased expression and the enzymatic activity of MMP-9, whereas MMP-2 expression was not affected by PMA. Although we did not compare the basal expression levels and the activities of either MMP-2 or -9 in A549 and HeLa cells, our results support a previous report that MMP-2 is constitutively overexpressed in metastatic cancer cells (7) . We also found that Trolox inhibits PMA-induced expression and the proteolytic activity of MMP-9 in both cancer cells. In addition, Trolox inhibits the promoter activity of MMP-9. It has been reported that an increased ROS level causes activation of NF-κB and AP-1 in cancer cells (11, 12) . Notably, NF-κB and AP-1 binding sites in the MMP-9 promoter are implicated in MMP-9 transcription in cancer cells (26) . Therefore, we examined the effects of PMA and Trolox on the activity of both NF-κB and AP-1. Results showed that the activities of NF-κB and AP-1 are increased by PMA. However, Trolox suppressed the transactivation of only NF-κB. A previous report suggests that hydrophilic antioxidants have no inhibitory effect on PMA-induced AP-1 activity (30) , and that Trolox inhibits NF-κB activity, which is a potential biomarker of oxidative stress (31) .
In this study, we have demonstrated the inhibitory effect of Trolox on migration and invasion of human lung and cervical cancer cells via suppression of MMP-9 expression. We have also demonstrated that Trolox down-regulates MMP-9 expression through inhibition of NF-κB activity. Our results indicate that an important correlation exists between oxidative stress and cancer development, especially in the invasive ability of metastatic human lung and cervical cancer cells. Although the role of Trolox in metastatic cancer progression and its molecular mechanism are still unclear, this study has identified potential therapeutic targets in metastatic human lung and cervical cancers.
